Purpose The aim of the study was to examine the relationship between sleep apnea, retinal vascular caliber and retinopathy, and their impact on cardiovascular disease (CVD) risk. Methods A multi-ethnic cohort of 5,803 participants was examined based on standardized grading of retinal vascular caliber and retinopathy from digital fundus photographs, selfreported physician-diagnosed sleep apnea (PDSA), and incident cardiovascular events. Results In women, PDSA was associated with narrower arterioles (regression coefficient [β] −5.76; 95 % confidence Interval [CI] −8.51, −3.02) after adjusting for cardio-metabolic risk factors. The incident rate ratio (IRR) of CVD was also associated with narrower arterioles (IRR for highest versus lowest tertile 1.91; 95 % CI 1.08, 3.38). In men, PDSA was not associated with arteriolar caliber. However, incident CVD was associated with narrower arterioles (IRR 1.67; 95 % CI 1.10, 2.52), wider venules (IRR 1.71; 95 % CI 1.13, 2.59) and PDSA (IRR 2.03, 95 % CI 1.17, 3.51). The IRR of CVD in men with PDSA increased minimally to 2.06 (95 % CI 1.18, 3.56) after adjustment for retinal arteriolar and venular caliber. Combining women and men, the IRR of CVD was 3.41 (95 % CI 1.79, 6.50) in those with both PDSA and narrower retinal arterioles. Conclusions Sleep apnea was associated with narrower retinal arterioles in women but not in men. However, sleep apnea was also associated with incident CVD in men. These suggest potential gender differences in susceptibility to microvascular disease in association with sleep apnea.
Introduction
Sleep apnea is common and has been shown to have a deleterious impact on health. Hypertension, diabetes, cardiovascular disease (CVD), stroke, and mortality are among its serious complications [1] [2] [3] . Pathophysiological studies have indicated that sleep apnea and intermittent hypoxia are associated with increased levels of inflammatory markers and oxidative stress, which can result in endothelial dysfunction and atherosclerosis [4] . While the link between sleep apnea and largevessel disease has been well documented, the potential adverse effect of sleep apnea on the microvasculature is less clear. Impaired vasoreactivity and vasoregulatory mechanisms, which could affect not only large but also small vessels, have been implicated in the pathogenesis of CVD among people with sleep apnea [5] .
The human retina provides a unique non-invasive model to study small vessel disease. With the use of computer-based retinal image analysis, subtle retinal vascular changes, such as variations in retinal vascular caliber or retinopathy signs, can be studied and measured in a reliable and quantitative manner [6] . There is good evidence to suggest that these retinal vascular changes are associated with both subclinical and clinical CVD [7] [8] [9] . However, data on the possible effects of sleep apnea on retinal vasculature are limited. A few studies have shown associations between sleep apnea and changes to retinal vascular caliber or retinopathy, but the results have not been consistent [10] [11] [12] .
In this study, we examined the relationships between a history of sleep apnea, retinal vascular changes, and CVD in the Multi-Ethnic Study of Atherosclerosis (MESA), which recently reported an association between sleep apnea and increased risk of CVD events [3] . We aimed to clarify the effect of sleep apnea on the retinal microvasculature and to determine if microvasculature changes mediated the effect of sleep apnea on the risk of CVD events. Furthermore, we explored gender differences in these associations given prior reports of increased susceptibility of women to microvascular disease [13, 14] , and differences in associations between sleep apnea and CVD [15] .
Methods

Study population
MESA is a prospective cohort study designed to investigate the characteristics and progression of subclinical CVD in individuals aged 45-84 years and their relationship to demographic and clinical risk factors. Details of the study design have been previously described [16] . In brief, participants from four ethnic groups (Whites 38 %, African-Americans 28 %, Hispanics 23 %, and Asian Chinese 11 %) without any clinically overt CVD at baseline were recruited at six US Field centers from July 2000 to July 2002.
The first part of the analysis was carried out on 5,803 participants in MESA Exam 2 who had retinal photographs suitable for retinal vascular caliber measurements and information on sleep apnea diagnosis available (Fig. 1) . We further excluded participants without incident CVD data and performed the second part of the analysis on 5,696 participants. The tenets of the Declaration of Helsinki were observed, and Institutional Review Board approval was granted at each study site. Written informed consent was also obtained from all participants.
Measurement of retinal vascular caliber and assessment of retinopathy
Fundus photography was performed according to a standardized protocol [6] . Participants had both eyes photographed with a 45°, 6.3 megapixel digital nonmydriatic camera in a darkened room. Two photographic fields were taken of each eye: the first centered on the optic disc (field 1) and the second centered on the fovea (field 2). Analysis was based on the right eye, and left eye if there was no suitable right eye image.
Retinal vascular caliber was measured with a computerbased program (IVAN, University of Wisconsin, Madison), based on a detailed protocol [6] . Trained graders who were masked to participant characteristics carried out these measurements. For each photograph, all arterioles and venules coursing through an area 0.5 to 1 disc diameter from the optic disc margin were measured (Fig. 2) and summarized as the central retinal artery equivalent (CRAE) and central retinal vein equivalent (CRVE) [17, 18] . The equivalents represent the average projected calibers for the central retinal vessels, measured away from the optic disc. Reproducibility of retinal vascular measurements has been reported, with intra-and intergrader intraclass correlation coefficients in the range between 0.78 and 0.99 [6, 17] .
The assessment of retinopathy was based on the identification of any characteristic lesion (microaneurysms, Excluded those with no data on sleep apnea and CRAE/CRVE (n=373)
Excluded those with no data on incident CVD (n=107) Fig. 1 Participants who were included/excluded from the MESA cohort for this study hemorrhages, cotton wool spots, hard exudates, intraretinal microvascular abnormalities, venous beading, and new vessels) defined by the Early Treatment Diabetic Retinopathy Study (ETDRS) and a severity score assigned to each eye using the modified Airlie House Classification system. Any retinopathy was defined as having a score higher than or equal to levels 14. Focal arteriolar narrowing and arteriovenous nicking was also identified with the use of similar standardized protocols [19] .
Assessment of sleep disordered breathing status
Sleep disordered breathing (SDB) consisting of sleep apnea and snoring was assessed during the second MESA examination with a self-administered sleep history questionnaire [3] . Physician-diagnosed sleep apnea (PDSA) was determined with the question "Have you ever been told by a doctor that you had sleep apnea (a condition in which breathing stops briefly during sleep)?". Participants were provided with thee potential responses: "yes", "no," and "don't know." Participants with "don't know" responses were excluded from the analysis. Snoring was also assessed using the questions "Have you ever snored (now or at any time in the past) . "Habitual snorers (HS)" were defined as participants who had a current snoring frequency greater than or equal to 3-5 nights/week and did not have PDSA [3] . Participants who were not classified as PDSA or HS were classified as having "No SDB" [3] .
Assessment of cardiovascular and other risk factors
Detailed interview questionnaires were used to obtain information about past medical conditions, physical activity, tobacco usage, alcohol consumption, and medication use [16] . Height and weight were measured, and the body mass index (BMI) was calculated as kilograms per square meter. Systolic and diastolic blood pressure was measured at rest, and hypertension was defined as systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, or current use of antihypertensive medications. Diabetes mellitus was defined as fasting glucose ≥7.0 mmol/L (126 mg/dL) or use of insulin or oral hypoglycemic medication.
Fasting (>8 h) blood samples were drawn from participants according to standardized protocols [16] . The following were then analyzed in the blood samples: serum glucose, plasma total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, plasma triglycerides, and serum high-sensitivity C-reactive protein (hsCRP). LDL cholesterol was calculated with the Friedewald equation.
Cardiovascular events
Cardiovascular events were ascertained through follow-up telephone interviews, clinic visits, participant call-ins, medical record abstractions, and obituaries. These were further verified with next-of-kin interviews and by obtaining hospital records. The information was reviewed by two paired physicians for independent classification of end-points and then to a full review committee if disagreements arose. Participants with known CVD were excluded from the baseline visit. Incident CVD was defined as any incident myocardial infarction, resuscitated cardiac arrest, definite angina, probable angina (if followed by revascularization), stroke, stroke death, coronary heart disease death, other atherosclerotic death, or other CVD death after the baseline visit as defined by the MESA protocol.
Statistical analysis
Demographic characteristic of participants were described based on their sleep status: No SDB, HS, or PDSA. Frequencies and proportions were calculated for categorical variables, and either means with standard deviation (SD) or medians with interquartile range (IQR) were calculated for continuous variables. Comparison of continuous variables and categorical variables were tested with the analysis of variance and Chisquared test, respectively; Kruskal-Wallis rank test was used for comparing variables with skewed distribution.
We used multiple linear regression models to explore the association between CRAE, CRVE, and SDB. Models were adjusted for risk factors that were significantly associated (p<0.05) with SDB in univariate analysis. Multivariable logistic regression models were used for the association between any retinopathy and SDB. Multicollinearity among risk factors was checked for each model using the variance inflation factor and interaction was tested for by entering product terms into the regression models.
We compared absolute event rates of CVD by gender and estimated the incidence rate ratio (IRR) using multiple Poisson regression models for the presence of retinal microvascular signs or comparison between tertiles of retinal vessel caliber (i.e., CRAE and CRVE) and SDB. Retinal arteriolar and venular calibers were included together in one model [20] . Lastly, we examined the joint associations of CRAE and PDSA with the IRR.
All statistical analysis was performed using Stata version 11.2 (StataCorp, College Station, Texas). p value <0.05 was considered as statistically significant.
Results
Social demographics and clinical characteristics
Among the participants who were included in this study, 205 had a history of PDSA, 1,301 were HS, and 4,297 of them had neither. Demographic and participant characteristics according to SDB status: normal, HS, or PDSA are compared in Table 1 . In general, participants with PDSA and HS were more likely to be younger, male, a current smoker, more obese, have diabetes, have higher diastolic blood pressure, triglycerides, C-reactive protein, and glucose levels, and have lower cholesterol levels than persons with no SDB. Participant characteristics according to retinal microvascular signs are also provided (Appendix: Table 1.1). Left eye data were used for retinal vascular caliber in 300 (5.2 %) and for retinopathy in 255 (4.7 %) of participants. There was significant interaction between gender and SDB status. Separate analyses were therefore performed for men and women.
There was a significant difference (p=0.008) in CRAE between women with (mean=141.3 μm, Standard deviation [SD] 12.4 μm) and without (mean=145.8 μm, SD=13.9 μm) PDSA. In men, there was no difference in CRAE between participants with PDSA (mean=142.8 μm, SD=14.0 μm) and those without PDSA (mean=142.6 μm, SD=14.6 μm). Table 2 shows that PDSA was significantly associated with narrower arterioles in women after multivariate analysis in both model 1 (β [regression coefficient] −5.32; 95 % confidence interval [CI] −8.13, −2.51) and model 2 (β 5.76; 95 % CI −8.51, −3.02). No associations were observed between PDSA and CRAE in men, or between PDSA and CRVE in either men or women. HS was also not associated with either CRAE or CRVE. There was also no significant association between SDB status and retinopathy or focal retinal arteriolar abnormalities (data not shown).
In Table 3 , we examined the relationship between retinal vascular caliber, SDB, and incident CVD. After adjusting for cardiovascular risk factors in separate models, incident CVD was significantly associated with the lowest tertile of CRAE (IRR 1.91; 95 % CI 1.08, 3.38) in women, and the lowest tertile of CRAE (IRR 1.67; 95 % CI 1.10, 2.52) and the highest tertile of CRVE (IRR 1.71; 95 % CI 1.13, 2.59) in men. PDSA was also associated with incident CVD, but only in men (IRR 2.03; 95 % CI 1.17, 3.51) and not in women. In supplementary analyses confined to women only, all results were similar after additional adjustment for menopause status. The IRR for the association between PDSA and incident CVD in men changed minimally to 2.06 (95 % CI 1.18, 3.56) when CRAE and CRVE were included in the same model.
We also examined the joint associations of CRAE and PDSA with incident CVD in Table 4 . There was a notable increase in the incident rate ratio of CVD from 1.53 (95 % CI 1.17, 2.00) for those with either PDSA or narrower retinal arterioles, to 3.41 (95 % CI 1.79, 6.50) for those who had both PDSA as well as narrower retinal arterioles.
Discussion
In this multi-ethnic cohort study, our data showed that women with PDSA had narrower retinal arteriolar caliber. This crosssectional association could not be explained by traditional cardiovascular risk factors. In addition, we showed that men but not women with PDSA were at an increased risk of CVD and that retinal vascular caliber did not seem to mediate this relationship. Those who had both PDSA and narrower retinal arterioles also had a greater incident rate ratio of CVD as compared to those who had only one of either PDSA or narrower retinal arterioles.
Our finding that women with PDSA had narrower retinal arterioles is consistent with data from the Sleep Heart Health Study [11] , which demonstrated a significant association between reduced arteriovenous ratio (AVR) and increased respiratory disturbance index (RDI), most consistent in the range where RDI was less than 10. On the other hand, there was no association between PDSA and narrower retinal arterioles among men in our study. This could be explained in part by the difference in severity of PDSA between men and women. In practice, there is a lower index of suspicion for sleep apnea in women and this could lead to underdiagnosis of the condition but with more severe cases being detected among them. Alternatively, women may be more susceptible than men to microvascular injury from cardio-metabolic effects [13] . This gender difference is supported by evidence of greater endothelial dysfunction in women compared to men with sleep apnea [21] , as well as a greater impact of diabetes on heart disease mortality in women as compared to men [22] . Furthermore, population studies have showed an association between retinal arteriolar narrowing and coronary heart disease in women but not men [23, 24] , and may represent the greater role of microvascular dysfunction and remodeling in CVD in women.
In contrast to our findings, Shankar et al. showed that more severe sleep apnea, quantified using the apnea-hypopnea index, was associated with retinal venular widening but not retinal arteriolar narrowing [12] . This suggested that inflammation and metabolic irregularities, which are associated with retinal venular widening, may have played a role in mediating the effects of sleep apnea [25] . The reason for the discrepancy is not clear, but could have arisen from methodological or racial differences between the two studies. While our cohort is multiethnic, the report of Shankar et al. was based on a predominantly White cohort. It has been shown that racial differences do exist in the interplay of adiposity and inflammation [26] .
There was also no apparent association between PDSA and retinopathy signs in our study. Sleep apnea was reportedly associated with retinal microaneurysms in the Sleep Heart Health Study, and similarly, a few other studies have associated sleep apnea with the presence of retinopathy among people with diabetes [11, 10] . Our study population consisted of generally healthy adults free of CVD and may have had limited power to detect differences in retinopathy.
Before testing the mediating effects of retinal vascular calibers in the relationship between PDSA and incident CVD, we first confirmed the association between retinal vascular calibers and incident CVD. Our results showed that retinal arteriolar narrowing and retinal venular widening in men and retinal arteriolar narrowing in women were associated with an increased risk of incident CVD in the MESA cohort. Retinal venular narrowing in women showed a trend toward increased CVD risk but did not reach statistical significance (p=0.082). This finding is fairly consistent with previous prospective population-based studies [27, 23] . Recent meta-analyses of 6 large cohort studies also showed that the risk of coronary heart disease is increased in women with narrower retinal arterioles and wider venules, and that increased stroke risk is associated with wider retinal venular caliber [24, 28] .
With the similar influence of sleep apnea on the incidence of CVD as reported previously in the MESA [3] , we performed further analysis to determine whether retinal arteriolar narrowing or retinal venular widening might explain, in part, the association between sleep apnea and the risk of incident CVD. However, the beta coefficients for the association between PDSA and incident CVD, before and after additional adjustment for retinal vascular calibers remained relatively unchanged. This suggests that PDSA increases the risk for CVD through pathways that do not involve changes to microvascular caliber or traditional cardiovascular risk factors. We further showed that having a combination of both PDSA and narrowed retinal arterioles resulted in an even greater risk for incident CVD, suggesting additive influences. Further studies are still needed to verify the role of microvascular disease in the link between sleep apnea and CVD risk.
Strengths of our study include its relatively large multiethnic population-based cohort, comprehensive and standardized collection of data on potential confounders, measurements of retinal vascular caliber and grading of retinopathy according to standardized protocols with good reliability, and thorough adjudication process for CVD events. Limitations should also be noted. First, the problems with a crosssectional analysis for the relationship between sleep apnea and retinal vascular caliber are its inability to establish temporality and possible survival bias However, given the pathophysiological pathways described above and our present knowledge on the development of sleep apnea, it seems more likely that sleep apnea leads to the variations in retinal vascular caliber than the converse. Second, the diagnosis of sleep apnea was based on self-reported information, which may be influenced by recall bias and is likely a specific but not sensitive indicator of sleep apnea. The 3.5 % prevalence of PDSA in this sample is approximately 3-fold lower than what has been reported in population studies, indicating the likely underestimation of this disorder [29, 30] . Third, there were no objective measures of sleep apnea severity such as measures of intermittent hypoxemia and we did not have information on subjects who might have been treated for their sleep apnea. Fourth, although we had a large population, there may have been limited power to detect meaningful associations because of low event rates, particularly among relationships that involve retinopathy, focal narrowing, AV nicking, incident CVD in women or in Group 4 of the subgroup analysis that explored joint associations (Table 4) . Finally, despite the adjustment for many risk factors, the unexplained variance in our statistical models also suggests that there might still be unmeasured residual confounders (e.g., long-term effect of hypertension) that we have not accounted for.
In conclusion, our data demonstrated an association between PDSA and narrower retinal arterioles in women. There was also an increased risk of CVD in men and women with narrower retinal arterioles, and men with wider retinal venules and PDSA. The increased risk of CVD in men with PDSA was not mediated by variations in retinal vascular caliber, and having both narrower retinal arterioles and PDSA further increased the risk of CVD, suggesting that they increase CVD 
